To examine the neural circuitry involved in food craving, in making food particularly appetitive and thus in driving wanting and eating, we used fMRI to measure the response to the flavour of chocolate, the sight of chocolate and their combination in cravers vs. noncravers. Statistical parametric mapping (SPM) analyses showed that the sight of chocolate produced more activation in chocolate cravers than non-cravers in the medial orbitofrontal cortex and ventral striatum. For cravers vs. non-cravers, a combination of a picture of chocolate with chocolate in the mouth produced a greater effect than the sum of the components (i.e. supralinearity) in the medial orbitofrontal cortex and pregenual cingulate cortex. Furthermore, the pleasantness ratings of the chocolate and chocolaterelated stimuli had higher positive correlations with the fMRI blood oxygenation level-dependent signals in the pregenual cingulate cortex and medial orbitofrontal cortex in the cravers than in the non-cravers. To our knowledge, this is the first study to show that there are differences between cravers and non-cravers in their responses to the sensory components of a craved food in the orbitofrontal cortex, ventral striatum and pregenual cingulate cortex, and that in some of these regions the differences are related to the subjective pleasantness of the craved foods. Understanding individual differences in brain responses to very pleasant foods helps in the understanding of the mechanisms that drive the liking for specific foods and thus intake of those foods.
Introduction
The hedonic effects of food are central to understanding food intake (Rolls, 2005 (Rolls, , 2007a . Indeed, the sensory properties of food, including its taste, smell and texture, are rewarding and pleasant when hungry, and become neutral when satiated, and this is related to processing in the orbitofrontal cortex and related areas, as shown by neuronal recordings in macaques (Rolls et al., 1989 (Rolls et al., , 1999 and functional MRI (fMRI) investigations in humans (O'Doherty et al., 2000; Kringelbach et al., 2003; Rolls, 2006 Rolls, , 2007a . These changes in the affective and brain responses to foods appear to be an important part of the mechanism by which food intake is controlled, as shown for example by investigations of sensory-specific satiety (Rolls, 2005 (Rolls, , 2007a . In this study we investigated differences between chocolate cravers and non-cravers in the hedonic responses to foods, in the amount of food eaten and in the brain responses to foods, in order to examine how differences in brain responses may be related to different appetitive behaviour. As described below, chocolate cravers report that they crave chocolate more than non-cravers, and this is associated with increased liking of chocolate, increased wanting of chocolate and eating chocolate more frequently than non-cravers (Rodriguez et al., 2007) .
Previous investigations have shown that the orbitofrontal cortex can be activated by the sight, smell, taste and texture of food, and that the activations in this region are related to the pleasantness of food (Small et al., 2001; Kringelbach et al., 2003; Wang et al., 2004; Gottfried et al., 2006; Rolls, 2006; . We tested the hypothesis that activations to food in the orbitofrontal cortex are different in cravers vs. non-cravers. The ventral striatum is implicated in behaviour maintained by conditioned appetitive stimuli, such as a stimulus paired with food or other reinforcers (Everitt, 1997; Cardinal et al., 2002; Kelley, 2003) , and we tested the hypothesis that the ventral striatum of humans is activated more by the sight of chocolate in cravers than in non-cravers. The pregenual cingulate cortex is also activated by food stimuli , and we tested the hypotheses that it is more activated by the sight and ⁄ or flavour of food in cravers than non-cravers. The anterior insula contains the primary taste cortex and responds to food in the mouth independently of hunger (Yaxley et al., 1988; Pritchard et al., 1999; Kringelbach et al., 2003; Rolls, 2006) , so that it may not represent the positive hedonic value of taste stimuli. We tested the hypothesis that, in contrast to the areas just described, the taste insula may not respond differently to chocolate in cravers and non-cravers. Previous investigations in which brain responses to chocolate were measured did not include a comparison between cravers and noncravers (Small et al., 2001; Kringelbach et al., 2003) , and indeed we know of no previous study of brain activations to food in cravers vs. non-cravers of chocolate. An overall aim was to investigate the brain mechanisms that are involved in the sensory and especially affective responses to palatable food and how these may differ between individuals, in order to better understand behavioural choices and the factors that may drive appetite and food intake (Rolls, 2007a) .
Materials and methods

Overall design
We compared brain responses to chocolate in a group of cravers vs. a group of non-cravers. To measure the effects of the flavour of chocolate alone, one condition was the delivery of chocolate into the mouth (choc). To measure the effects of the sight of chocolate alone, a second condition was the sight of dark chocolate, with no flavour delivered to the mouth (chocpic). To measure the effects of the sight and flavour of chocolate combined, a third condition was the sight of dark chocolate paired with the delivery of chocolate into the mouth (chocd). This condition allowed a supralinearity analysis of whether the activations to the combination of the sight and flavour of chocolate were greater than the sum of the activations produced by the sight alone and by the flavour alone of chocolate. To obtain evidence on how important the sight of a generally preferred dark, i.e. milk, chocolate is vs. the sight of a generally less preferred white chocolate a fourth condition was the presentation of the sight of white chocolate paired with the delivery of chocolate into the mouth (chocw). [Dark, i.e. in this study milk, chocolate may be generally preferred due to the taste and flavour of the cocoa solids that it contains (Michener & Rozin, 1994) .] A fifth condition was the flavour of condensed milk (cmilk), included to test whether any differences in the brain activations of chocolate vs. non-chocolate cravers were especially evident for the craved food, chocolate, or occurred for other foods.
Stimuli
The main oral stimulus was fine chocolate formulated to be liquid at room temperature; a list of the five stimulus conditions described above is given in Table 1 . A control tasteless solution (containing the main ionic components of saliva, 25 mm KCl + 2.5 mm NaHCO 3 ) was used as a rinse between trials (tl in Table 1 ) and, when subtracted from the effects of the other stimuli, allowed somatosensory and any mouth movement effects to be subtracted from the effects produced by the other oral stimuli (O'Doherty et al., 2001; de Araujo et al., 2003a) . This is an important control condition that we have pioneered to allow taste, texture and olfactory areas to be shown independently of any somatosensory effects produced by introducing a fluid into the mouth (O'Doherty et al., 2001; de Araujo et al., 2003a,b; . A comparison stimulus was condensed milk. Both the liquid chocolate and condensed milk were diluted with three parts of milk to produce approximately the same sweetness and texture, and to enable them to pass freely through the Teflon delivery tubes.
Experimental design
The effects in the experiment were measured by psychophysical ratings of pleasantness, intensity and wanting for chocolate made in every trial by the subjects during the fMRI experiments; by fMRI contrasts showing the effects of chocolate in the mouth, chocolate in the mouth accompanied by either the sight of dark chocolate or the sight of white chocolate, the sight of dark chocolate, and the oral delivery of condensed milk; and by fMRI correlation analyses between each of the three psychophysical ratings made throughout the experiment and the brain activations produced by the stimuli being delivered. The details of each stimulus condition are shown in Table 1 . If a picture of chocolate was not required as part of the design in a particular trial, a grey image of approximately the same intensity was shown at the corresponding time as indicated in Table 1 to provide a control for the presentation of visual stimuli. The statistical parametric mapping (SPM) design allowed these effects to be compared in the group of chocolate cravers vs. the group of non-cravers.
The experimental protocol consisted of an event-related interleaved design using, in random permuted sequence, the five stimuli described above and shown in Table 1 . This number of stimuli was chosen to be feasible given the number of repetitions of each stimulus needed and the length of time that subjects were in the magnet, but at the same time to allow the analyses described above to be made. Stimuli were delivered to the subject's mouth through three Teflon tubes (one for the tasteless rinse control described below) that were held between the lips. Each Teflon tube of approximately 3 m in length was connected to a separate reservoir via a syringe and a one-way syringe-activated check valve (Model 14044-5, World Precision Instruments, Inc.), which allowed 0.75 mL of any stimulus to be delivered manually at the time indicated by the computer.
At the beginning of each trial, one of the five stimuli chosen by random permutation was presented. If the trial involved an oral stimulus, this was delivered in a 0.75 mL aliquot to the subject's mouth. At the same time, at the start of the trial, a visual stimulus was presented, which was either the picture of dark chocolate, the picture of white chocolate or a grey control image of approximately the same intensity. The image was turned off after 7 s, at which time a small green cross appeared on a visual display to indicate to the subject to swallow what was in the mouth. After a delay of 2 s, the subject was asked to rate each of the stimuli for pleasantness in that trial (with +2 being very pleasant and )2 very unpleasant), for intensity in that trial (0 to +4) and for current wanting for chocolate (+2 for wanting chocolate very much, 0 for neutral and )2 for very much not wanting chocolate). The ratings were made with a visual analogue rating scale in which the subject moved the bar to the appropriate point on the scale using a button box. Each rating period was 5 s long. After the last rating the grey visual stimulus indicated the delivery of the tasteless control solution that was also used as a rinse between stimuli; this was administered in exactly the same way as a test stimulus and the subject was cued to swallow after 7 s by the green cross. The tasteless control was always accompanied by the grey visual stimulus. In trials in which only the picture of chocolate was shown, there was no rinse but the grey visual stimulus was shown, in order to allow an appropriate contrast as described below. There was then a 2 s delay period similar to other trials that allowed for swallowing followed by a 1 s gap until the start of the next trial. A trial was repeated for each of the five stimulus conditions shown in Table 1 and the whole cycle was repeated nine times. The instruction given to the subject was (in oral delivery trials) to move the tongue once as soon as a stimulus or tasteless solution was delivered (at the time when the grey visual stimulus was turned on) in order to distribute the solution round the mouth to activate the receptors for taste and smell, and then to keep still for the remainder of the 7 s period until the green cross was shown, when the subject could swallow. This procedure has been shown to allow taste effects to be demonstrated clearly with fMRI, using the procedure of subtracting any activations produced by the tasteless control from those produced by a taste or other stimulus Chocolate in the mouth, intraoral delivery through a Teflon tube of 0.75 mL of a specially prepared fine liquid (brown, i.e. milk) chocolate, which was identical for all such trials and could not be seen by the subject; condensed milk in the mouth, intraoral delivery of 0.75 mL of condensed milk through a tube that also could not be seen by the subject; picture of dark chocolate, a picture of a bar of brown, i.e. milk, chocolate shown on the display screen; picture of white chocolate, a picture of a bar of white chocolate. (O'Doherty et al., 2001; de Araujo et al., 2003a,b; . The contrasts reported below had the tasteless control condition subtracted (except for the chocpic condition).
Subjects
Sixteen healthy volunteers (all females) participated in the study, eight cravers and eight non-cravers. Ethical approval (Central Oxford Research Ethics Committee) and written informed consent from all subjects were obtained before the experiment. The participants were recruited by advertisement specifically requesting either chocolate cravers or chocolate non-cravers. Their status as chocolate cravers or non-cravers was measured with a questionnaire containing questions based on those found in the CCQ-T (chocolate cravers questionnaire) (Cepeda-Benito et al., 2003) . The questions were as follows. (1) On a scale from 1 to 10 how much would you say that you sometimes crave chocolate? (2) On a scale from 1 to 10 how much would you say that you like chocolate? (3) On a scale from 1 to 10 how much would you say that you like milk? (4) How frequently do you eat chocolate? (5) How much chocolate do you eat at a time? (To estimate this, please use as units the bar of chocolate shown to you.) (6) Do you crave any other food? If so, what is that food and on a scale from 1 to 10 how much would you say that you crave that food? Questions 1, 2 and 4 contributed 10 points to the chocolate craving measure that we used, the final value of which was divided by 10 to make the score in the range 0-10. (For question 4, 10 points corresponded to the highest value of any of the participants, more than once per day, 9 points to once per day and 1 for less than once per week.) The mean score across all of the questions was 8.14 ± 1.51 (SD) for the chocolate cravers and 3.13 ± 0.94 for the chocolate non-cravers (t ¼ 7.82, d.f. ¼ 14, P < 0.001). There was no overlap in the scores of the cravers and non-cravers, with a score of 5 separating the two groups. The responses to the questionnaire showed that the chocolate cravers ate chocolate more frequently and ate more chocolate than non-cravers. In particular, the mean score on question 4 of our chocolate questionnaire (How frequently do you eat chocolate?) was 7.4 ± 1.02 for cravers and 1.25 ± 0.44 for non-cravers (mean ± SEM, maximum score 10, with the scoring as described in Materials and methods). Moreover, the mean amount of chocolate eaten per week was 370 ± 154 g for cravers and 22 ± 8 g for non-cravers (mean ± SEM, Mann-Whitney U, P < 0.001). The mean score on question 1 of our chocolate questionnaire (On a scale from 1 to 10 how much would you say that you sometimes crave chocolate?) was 7.86 ± 0.63 for cravers and 2.13 ± 0.47 for non-cravers (mean
). The mean score on question 2 of our chocolate questionnaire (On a scale from 1 to 10 how much would you say that you like chocolate?) was 9.14 ± 0.40 for cravers and 6.13 ± 0.51 for non-cravers (mean ± SEM)
). Thus, most subjects liked chocolate (question 2) and the difference between the groups was much larger for question 1 about the craving for chocolate. [Indeed, the interaction term in comparing craving vs. liking in the two groups, cravers and non-cravers, is highly significant (F 1,13 ¼ 13.7, P ¼ 0.0002), showing that it is especially in their answer to the question about whether they crave chocolate that they are different from the group termed non-cravers.] In this sense, chocolate cravers are a self-identifying group based on their responses to questions about chocolate craving (Rodriguez et al., 2007) . [For comparison, the mean score on question 3 of our questionnaire (On a scale from 1 to 10 how much would you say that you like milk?) was 3.11 ± 1.18 for cravers and 5.31 ± 1.14 for non-cravers (mean ± SEM).]
The participants were instructed not to eat chocolate for 2 days beforehand and to eat only a small lunch on the day of scanning. Scanning took place at 14.30-16.00 h. The participants were students or post-doctoral scientists aged 20-30 years. The mean body mass index of the cravers was 22.1 and that of the non-cravers was 23.0 (n.s.).
fMRI data acquisition
Images were acquired with a 3.0 T VARIAN ⁄ SIEMENS whole-body scanner at the Centre for Functional Magnetic Resonance Imaging at Oxford, where T2*-weighted echo planar imaging (EPI) slices were acquired every 2 s (TR ¼ 2). We used the techniques that we have developed over a number of years (e.g. O'Doherty et al., 2001; de Araujo et al., 2003a) and, as described in detail by Wilson et al. (2002) , we carefully selected the imaging parameters in order to minimize susceptibility and distortion artefact in the orbitofrontal cortex. The relevant factors include imaging in the coronal plane, minimizing voxel size in the plane of the imaging, as high a gradient switching frequency as possible (960 Hz), a short echo time of 25 ms and local shimming for the inferior frontal area.
Coronal slices (25) with in-plane resolution of 3 · 3 mm and between-plane spacing of 4 mm were obtained with a TR of 2 s. The matrix size was 64 · 64 and the field of view was 192 · 192 mm. Continuous coverage was obtained from +56 (A ⁄ P) to )50 (A ⁄ P). Acquisition was carried out during the task performance yielding 810 volumes in total. A whole brain T2*-weighted EPI volume of the above dimensions, and an anatomical T1 volume with coronal plane slice thickness of 3 mm and in-plane resolution of 1.0 · 1.0 mm was also acquired.
fMRI data analysis
The imaging data were analysed using SPM2 (Wellcome Institute of Cognitive Neurology). Pre-processing of the data used SPM2 realignment, reslicing with sinc interpolation, normalization to the Montreal Neurological Institute coordinate system (Collins et al., 1994) used throughout this study, and spatial smoothing with a 8 mm full width at half maximum isotropic Gaussian kernel and global scaling. The time series at each voxel were low-pass filtered with a haemodynamic response kernel. The time series non-sphericity at each voxel was estimated and corrected for (Friston et al., 2002) and a highpass filter with a cut-off period of 128 s was applied. In the single event design, a general linear model was then applied to the time course of activation where stimulus onsets were modelled as single impulse response functions and then convolved with the canonical haemodynamic response function (Friston et al., 1994) . Linear contrasts were defined to test specific effects. Time derivatives were included in the basis functions set. Following smoothness estimation (Kiebel et al., 1999) , linear contrasts of parameter estimates were defined to test the specific effects of each condition with each individual dataset. Voxel values for each contrast resulted in a statistical parametric map of the corresponding t-statistic, which was then transformed into the unit normal distribution (SPM Z). The statistical parametric maps from each individual dataset were then entered into second-level, random effects analyses accounting for both scan-to-scan and subject-to-subject variability. More precisely, the sets of individual statistical maps corresponding to a specific effect of interest were entered as covariates in multiple regression models (anova without a constant) as implemented in SPM2 and the corresponding group effects were assessed by applying linear contrasts (again following smoothness estimation) to the (second-level) parameter estimates generating a t-statistics map for each group effect of interest. The correlation analyses of the fMRI blood oxygenation level-dependent (BOLD) signal with given parameters of interest (e.g. the pleasantness ratings) were performed at the second level by applying one-sample t-tests to the first-level t-maps resulting from performing linear parametric modulation as implemented in SPM2. Unless otherwise stated, reported P-values for each cluster based on this group analysis are fully corrected (fc) for the number of comparisons (resels) in the entire volume ('whole-brain' multiple comparisons, Worsley et al., 1996) . Peaks are reported for which P < 0.05. For brain regions where there was a prior hypothesis as described in the Introduction and Materials and methods, namely in the parts of the orbitofrontal cortex, pregenual cingulate cortex, ventral striatum and anterior insula in which we and others have found activations in previous studies to the taste, smell, sight and ⁄ or texture of food (O'Doherty et al., 2001 (O'Doherty et al., , 2002 de Araujo et al., 2003a,b; Rolls, 2005 Rolls, , 2006 , we used small volume corrections (svcs). These activations correspond to voxels significant when corrected for the number of comparisons made within each region (svc applied with a sphere of 8 mm chosen to be greater than or equal to the spatial smoothing kernel) (Worsley et al., 1996) . Peaks with P < 0.05 false discovery rate (FDR)-corrected across the small volume were considered significant. In addition, peaks are reported that survive a threshold of P < 0.005 uncorrected if in the predicted regions outlined in our hypotheses. The percent change in the BOLD signal for different stimuli within regions of interest identified from the contrast analyses was extracted using the SPM Marsbar toolbox documented at http://marsbar.sourceforge.net/.
Results
Ratings
The ratings of pleasantness, intensity and wanting of the flavour obtained during the scanning in each trial in the cravers and noncravers are shown in Fig. 1 . For all of the ratings, there were significant main effects (P < 0.001) of subject group (craver vs. noncraver), reflecting the lower ratings of the non-cravers, and significant main effects (P < 0.001) of stimulus type. In pre-planned comparisons, it was shown that the pleasantness ratings for chocolate in the mouth with the sight of chocolate were higher for cravers than noncravers (chocd, t ¼ 2.29, d.f. ¼ 14, P ¼ 0.038), but not for the condensed milk (cmilk, t ¼ 1.46, d.f. ¼ 14, P ¼ 0.17). The condensed milk thus acts as a non-chocolate, control, comparison condition and, as shown in Fig. 1 , was liked by the cravers less than the chocolate. [Indeed, post-hoc tests following a significant (P < 0.004) one-way anova within the cravers showed that the condensed milk was significantly less pleasant than every one of the chocolate stimuli, with P-values between 0.001 and 0.029.] The ratings of pleasantness and wanting, which may in part reflect different consummatory and appetitive processes (Berridge & Robinson, 2003) , obtained in every trial to a stimulus were correlated with each other in the non-cravers (r ¼ 0.57, d.f. For the functional imaging results, we first consider the main effects of chocolate in the mouth, to show the brain areas activated by this taste, texture and olfactory stimulus. We then show contrasts to analyse how the effects of chocolate are different in cravers vs. noncravers. The activations shown are minus the rinse control.
Chocolate in the mouth
As expected, the choc condition resulted in activation in the primary taste cortex ([)30 12 0] Z ¼ 5.62 fc, P < 0.001 and [32 22 0] Z ¼ 5.25 fc, P < 0.001). This is illustrated in Fig. 2 , which shows a coronal plane image taken through the taste insula. The same section shows some activation in the dorsal part of the anterior cingulate cortex ([)4 24 38] Z ¼ 4.48 fc, P < 0.001). Activations were also found in the mid-orbitofrontal cortex ([)20 42 )4] Z ¼ 3.56 svc, P < 0.003) and in a region to which it projects, the ventral striatum ([)12 6 4] Z ¼ 4.47 fc, P < 0.001). There was also activation in the dorsolateral prefrontal cortex 
Chocolate in the mouth only: cravers vs. non-cravers
The criterion level for a significant difference between cravers and noncravers in the brain activations to chocolate in the mouth in the condition in which no chocolate was shown was not reached, although there was extensive bilateral medial orbitofrontal cortex activation showing a larger BOLD signal in the cravers than the non-cravers ([)6 32 )30] Z ¼ 2.31, P ¼ 0.01 uncorrected, i.e. below the criterion). The implication is that when significant differences between cravers and noncravers in the brain responses to chocolate were found, as described below, an important factor is the sight of the chocolate, which was present in the other conditions. Moreover, we show below that chocolate in the mouth can contribute to a greater than linear summation effect when combined with the sight of chocolate.
Chocolate in the mouth with the sight of chocolate: cravers vs. non-cravers
We now consider the effect of showing a picture of the dark chocolate while chocolate is in the mouth (chocd). More activation was found in the cravers than in the non-cravers in the anterior cingulate cortex ([)8 22 28] Z ¼ 3.04 svc, P < 0.03) and in the pregenual cingulate cortex ([4 30 8] Z ¼ 2.85 svc, P < 0.05), as illustrated in Fig. 3 . Figure 3 also shows more activation in the ventral striatum in the cravers, but this did not reach significance.
The sight of chocolate: cravers vs. non-cravers
We now consider the effect of showing only a picture of the dark chocolate (chocpic). The sight of chocolate produced more activation of mid and medial parts of the orbitofrontal cortex in cravers than noncravers (e.g. [)28 42 )10] Z ¼ 2.92 svc, P < 0.05), as shown in Fig. 4a . The time course for the sight of chocolate condition (chocpic, Fig. 4b) shows the greater activation in this orbitofrontal cortex region and also, interestingly, that the same region is also activated by chocolate in the mouth (choc, Fig. 4b ). Thus, this orbitofrontal cortex region is multimodal. The sight of chocolate also activated the ventral striatum ([)4 16 )12]) Z ¼ 2.66, P ¼ 0.004 uncorrected) more in cravers than non-cravers. The time course for the ventral striatum in Fig. 4d shows the greater activation in cravers than non-cravers by the sight of chocolate.
Supralinearity: the sight and flavour of chocolate compared with the sum of the activations to the sight alone and the flavour alone To investigate whether the combination of the sight and flavour of chocolate might be especially effective in cravers, we performed a supralinearity analysis, comparing activations to a combination of the sight and flavour of chocolate with the sum of the activations to the sight alone and the flavour alone, and tested whether this supralinearity was greater in the cravers than in the non-cravers. We found greater supralinearity in the pregenual cingulate cortex ([)2 30 4] Z ¼ 2.91 svc, P ¼ 0.05) in the cravers relative to the non-cravers, as illustrated in Fig. 5 . The time course of the effect to the combination (chocd) is illustrated in Fig. 4b . We also found greater supralinearity in the medial orbitofrontal cortex ([14 28 )18] Z ¼ 2.8 svc, P ¼ 0.05) and in the head of the caudate nucleus ([)10 2 14] Z ¼ 2.81 svc, P ¼ 0.03). We note that the orbitofrontal cortex projects to both the pregenual cingulate cortex and the head of the caudate nucleus. These findings show that the flavour of chocolate in the mouth, when combined with the sight of chocolate, can have greater effects in cravers than in non-cravers.
Effects of the sight of dark vs. white chocolate in cravers vs. non-cravers
Chocolate cravers may be especially responsive to the sight of a rich, fine, dark chocolate as opposed to the sight of white chocolate. We accordingly tested whether a contrast of chocd-chocw was different in cravers and non-cravers. A significantly larger difference between the activations to dark vs. white chocolate was found in cravers relative to non-cravers in the anterior cingulate cortex ([)8 28 30] Z ¼ 3.21 svc, P ¼ 0.01) and some activation that did not reach significance was found in the pregenual cingulate cortex, as illustrated in Fig. 6 . These are areas that receive connections from the orbitofrontal cortex. Although there was no difference in the subjective ratings to these stimuli (see Fig. 1 ), we note that brain activations may occur, and might even influence behavioural choice, in the absence of subjective awareness (Rolls, 2005) .
Interaction effects: brain regions where chocolate vs. milk produced larger effects in cravers than non-cravers
This interaction effect was tested in a statistical design in which the covariates were the effects of chocd in cravers, the effects of chocd in non-cravers, the effects of cmilk in cravers and the effects of cmilk in non-cravers. The interaction term testing for where the chocolate condition relative to the milk condition produced significantly greater effects in cravers than in non-cravers showed significant effects in the posterior orbitofrontal cortex ⁄ agranular insula transition area at [34 14 )8] (Z ¼ 2.63, P ¼ 0.004 uncorrected) and this was seen bilaterally.
Correlation with pleasantness ratings
We now consider the correlations with the subjective ratings. The sites where correlations are found with, for example, pleasantness help in the interpretation of some of the effects described above in, for example, the medial orbitofrontal cortex and pregenual cingulate cortex. The ratings used for all of the correlation analyses were choc, chocd, chocw and cmilk (see Table 1 ), as oral stimulus delivery was involved in all of these cases.
In Fig. 7a we show where significantly higher correlations with the pleasantness ratings in the cravers vs. the non-cravers are found in the pregenual cingulate cortex ([)2 40 2] Z ¼ 3.34 svc, P ¼ 0.01) extending down into the medial orbitofrontal cortex ([8 36 )8] Z ¼ 2.52 svc, P < 0.05) and in the dorsolateral prefrontal cortex at [30 42 28] (Z ¼ 3.83 fc, P < 0.001), as also shown in Fig. 7a . Consistent with this, in the group of cravers there was a significant correlation with the pleasantness ratings in the medial orbitofrontal cortex ([)8 28 )20] Z ¼ 3.88 fc, P ¼ 0.008) and in the pregenual cingulate cortex ([)6 56 16] Z ¼ 2.7 svc, P ¼ 0.01), with smaller effects in the group of non-cravers in the medial orbitofrontal cortex ([)2 24 )28] Z ¼ 2.81 svc, P ¼ 0.03). The relation between the percentage change in the BOLD stimuli and the subjective ratings is shown in Fig. 7b . It is noticeable that there is a greater range in the BOLD signal in the cravers than the non-cravers in the pregenual cingulate cortex and the dorsolateral prefrontal cortex. In the medial orbitofrontal cortex of cravers there is little variance in the BOLD signal for any given rating, i.e. the rating is very closely related to the BOLD signal. 
Correlation with intensity ratings
The intensity ratings were highly correlated in the cravers with activations in the pregenual cingulate cortex ([0 40 )2] Z ¼ 3.13 svc, P ¼ 0.02) and the medial orbitofrontal cortex ([6 38 )10] Z ¼ 3.08 Fig. 6 . Contrast of the sight of dark chocolate vs. sight of white chocolate in cravers compared with non-cravers. Significant activations were found in the dorsal part of the anterior cingulate cortex at [)8 28 30] (small volume correction, P ¼ 0.01). Coronal section also shows some non-significant activation in the pregenual cingulate cortex. uncorrected, P ¼ 0.001), as illustrated in Fig. 8 . There were no significant correlations in these regions in the non-cravers and consistently a direct statistical comparison showed that the correlations were significantly higher in the cravers than the non-cravers in these regions (pregenual cingulate cortex) ([4 38 2] Z ¼ 2.96 svc, P ¼ 0.03). To help interpret these correlations with the intensity ratings, we note that in this investigation most of the stimuli were chocolate or sweet (condensed milk) and the intensity ratings for this particular set of stimuli were, in fact, correlated with the pleasantness ratings (r ¼ 0.52, P < 0.001) (a finding related to the absence of intense but very unpleasant stimuli in this stimulus set). Thus, the correlations with the intensity ratings may in this study reflect at least partly the subjective pleasantness of the stimuli.
Correlation with ratings for the wanting for chocolate
There was some correlation with the wanting ratings across all subjects in the medial orbitofrontal cortex ([10 26 )10]) but this did not quite reach the criterion for significance (Z ¼ 2.4, P ¼ 0.008 uncorrected). No significant differences between the correlations with wanting of brain activations in the cravers vs. the non-cravers were found.
Discussion
No differences between chocolate cravers and non-cravers were found in the activations in the primary taste cortex in the anterior insula (see Fig. 2 ), although both taste and oral texture are represented in this region Verhagen et al., 2004) . Further, the activations in the primary taste cortex were not correlated with pleasantness, wanting or intensity ratings for chocolate. Thus, it was not differences in the primary taste cortex, or physical sensitivity to taste and oral texture, which separated the cravers from the noncravers.
Differences between cravers and non-cravers were found further on in processing, in brain structures such as the medial orbitofrontal cortex and two areas to which it projects (Ongur & Price, 2000; Rolls, 2005) , the pregenual cingulate cortex and ventral striatum. The medial orbitofrontal cortex was more activated in cravers than non-cravers by the sight of chocolate (Fig. 4a and b, chocpic) and by the combination of the sight of chocolate and chocolate in the mouth (chocd) than by the sum of the components (choc and chocpic) (Fig. 5) . Thus, a key region that responds differently between cravers and non-cravers is the orbitofrontal cortex and its contribution is multimodal. Moreover, in that the activations were correlated with the pleasantness ratings for the set of stimuli (Fig. 7) , the orbitofrontal cortex contribution can be related to the greater affective, hedonic responses of chocolate in cravers than non-cravers.
The pregenual ⁄ anterior cingulate cortex showed a greater activation in cravers than non-cravers to the combination of the sight and taste of chocolate (Fig. 3, chocd) , and indeed the combination produced greater supralinear effects in cravers than in non-cravers (Fig. 5) . Interestingly, there were no differences between cravers and noncravers, and indeed no strong activations in the pregenual cingulate, to just the sight of chocolate (chocpic) or just chocolate in the mouth (choc). The pregenual activations were correlated with the pleasantness (Fig. 7) and intensity ( Fig. 8) but not wanting ratings. The implication is that the pregenual cingulate cortex may contribute especially just when all of the sensory aspects of the stimuli (sight and mouth feel) have combined to make a very effective stimulus that can then drive behaviour more in cravers than non-cravers.
The ventral striatum showed greater responses to the sight of chocolate in cravers than non-cravers ( Fig. 4c and d) . Interestingly, although across all subjects chocolate in the mouth produced strong activation in the ventral striatum, there were no differences between cravers and non-cravers. The implication is that the ventral striatum in cravers vs. non-cravers contributes especially to the conditioned, i.e. visual, component of chocolate craving. Interestingly, the head of the caudate nucleus, which like the ventral striatum receives from the orbitofrontal cortex, had a greater supralinearity for the combination of the sight and flavour of chocolate compared with the sum of the components in cravers vs. non-cravers (Fig. 5) , indicating that conditioned (sight) and unconditioned (flavour) effects interact in the striatum.
An aim of this study was to investigate differences between individuals in their brain responses to foods to advance our understanding of the brain systems that contribute to the pleasantness (or liking) and wanting (or craving) for a food. We found that brain areas such as the orbitofrontal cortex and two areas to which it connects, the pregenual cingulate cortex and ventral striatum, are activated more by chocolate in cravers than in non-cravers. Given that food cravers (and chocolate cravers) are high in measures of sensitivity to reward (Davis et al., 2004; Franken & Muris, 2005) and arousal produced by images of chocolate (Tuomisto et al., 1999; Rodriguez et al., 2005) , the present study provides neurobiological evidence that it is these brain systems (and not for example the primary, insular, taste cortex) that react strongly to the rewarding properties of a craved food, such as chocolate, in cravers. A study by Beaver et al. (2006) showed that reward sensitivity in different individuals (as measured by a behavioural activation scale) is correlated with activations to pictures of appetizing vs. disgusting food but they made no attempt to measure brain activations produced by a food that is specifically craved, such as chocolate in a group of chocolate cravers, nor did they measure activations to the flavour of any foods. The present study shows in a direct comparison of chocolate cravers and non-cravers that is therefore directly related to craving, that differences in activations to the flavour of chocolate and ⁄ or the sight of chocolate are not found in areas involved in taste and oral texture such as the insular (primary) taste cortex but are found in areas including the orbitofrontal cortex, ventral striatum and pregenual cingulate cortex. Although Small et al. (2001) investigated brain activations to chocolate in a positron emission tomography study, they performed no comparison of chocolate cravers vs. non-cravers and thus their study does not address differences between cravers and non-cravers when shown or given a craved food. Their study also used water as a control and had no sight of chocolate condition. Further studies investigated brain responses to food but not between different groups of individuals. For example, in another positron emission tomography study, activation of the orbitofrontal cortex was found to food that was being tasted, smelled and tasted, and the metabolic response of the brain was correlated with the desire for the food (Wang et al., 2004) . In another positron emission tomography study, it was shown that the orbitofrontal cortex was activated by high incentive restaurant menus (Arana et al., 2003) . In an fMRI study, foodrelated visual stimuli elicited greater responses in the amygdala, parahippocampal gyrus and anterior fusiform gyrus when participants were in a hungry state relative to a satiated state (LaBar et al., 2001) .
In the present study the greater activation of the ventral striatum by the sight of chocolate in cravers than non-cravers (Fig. 5) is of particular interest because the ventral striatum is strongly implicated in animals in the effects of conditioned incentives (of which one example is the sight of food and another is monetary reward) (Robbins & Everitt, 1996; Rolls et al., 2007) and has been shown to be activated by conditioned environmental cues associated with chocolate (Schroeder et al., 2001) . Similarly, the medial orbitofrontal cortex, which projects to the ventral striatum, was also more strongly activated in cravers than non-cravers by the sight of chocolate. It is of interest that the ventral striatum is implicated in craving for other reinforcers and in the reinstatement of craving produced by conditioned, e.g. visual, stimuli (Robbins & Everitt, 1996; Kelley, 2003) . Further, the orbitofrontal cortex is also a site implicated in the rewarding effects of other reinforcers (Phillips et al., 1981; Völlm et al., 2004) and is involved in the rapid association learning between visual stimuli and reinforcers Hornak et al., 2004; Rolls, 2005) . The present study thus provides new evidence that these brain regions are also involved in the effects of visual stimuli on food craving and emphasize the importance of these brain regions in making food stimuli attractive. The findings underlie the importance of conditioned cues, such as the sight of chocolate, in producing different effects in different individuals, in brain regions that we now understand to include the orbitofrontal cortex and ventral striatum. Such cues are likely to be important in food choice, by making a craved food particularly pleasant. The findings indicate that these brain systems that respond to the conditioned incentive value of food have larger responses in cravers than in non-cravers to food and the implication is that part of the difference between cravers and non-cravers is that the chocolate cravers are more responsive to the conditioned incentive value of the craved food. Although the body mass index of the cravers and the non-cravers was not different in this study, and more generally food cravers are not necessarily overweight (Franken & Muris, 2005) (perhaps because of cognitive control), this study did provide new evidence that individual differences in brain activations to a craved food may be linked to the consumption of that food, in that in this study the chocolate cravers ate more chocolate than non-cravers (370 vs. 22 g ⁄ week) and ate chocolate more frequently (see Materials and methods).
The findings described here offer a new view on the brain mechanisms that underlie the increased sensitivity to craved foods in cravers. The results suggest that sensory systems such as the primary taste cortex and inferior temporal visual cortex are not different in their responsiveness to chocolate in cravers and non-cravers, and that the first cortical area that is hyper-reactive to craved foods in cravers is the orbitofrontal cortex (which receives direct inputs from the insular taste cortex and inferior temporal visual cortex). The orbitofrontal cortex could then, with its onward connections to the ventral striatum and pregenual cingulate cortex, produce the greater activations found in the ventral striatum and pregenual cingulate to craved foods. This would imply that at least part of the driver towards craving is heightened responsiveness in the orbitofrontal cortex in cravers and that any altered activity in the dopamine system may be secondary to this, and indeed could be produced by the downward projections from the striatum to the dopamine neurones in the midbrain (Rolls, 2005 (Rolls, , 2008 .
In conclusion, this study shows how brain processing for craved foods is different between people, and is related to their liking and craving for that food and the amount of that food eaten. These brain differences are likely to be important for understanding not only how different people respond to highly palatable foods but also how these differences are related to food choice, food craving and the amount of specific foods eaten by different individuals.
Abbreviations
BOLD, blood oxygenation level-dependent; choc, chocolate in the mouth only plus grey visual stimulus; chocd, chocolate in the mouth plus a picture of dark chocolate; chocpic, picture of dark chocolate only; chocw, chocolate in the mouth plus a picture of white chocolate; cmilk, condensed milk in the mouth plus grey visual stimulus; fc, fully corrected; fMRI, functional MRI; SPM, statistical parametric mapping; svc, small volume correction.
